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Abstract 
As the world continues to develop plans for addressing climate change induced by elevated levels of CO2, a better understanding 
of the economics of CCS projects will become more urgent. One promising avenue involves CO2 injection into coal beds for 
incremental production of methane and storage of CO2. In order to clarify the economic impact of CCS projects, an Integrated 
Economic Model (IEM) for CCS has been developed. The IEM was designed to simulate the underlying engineering process and 
resulting economics of post combustion CO2 capture from large fixed emitters, the cost of transport to coal reservoir sinks and 
prediction of methane production response induced by CO2 injection. 
Post combustion CO2 capture is modeled in the context of retro-fitting existing CO2 source plants with currently available capture 
technology consisting of inlet flue gas “wet-lime” desulphurization, CO2 recovery with “hindered amine (MEA)”, CO2
compression, pipeline transport to coal reservoir (and saline aquifer) CO2 sinks and the simulation of enhanced methane 
production from the coal reservoir. A comprehensive database of Alberta coal reservoir parameters was developed and is used by 
the IEM to predict site specific injection and production performance due to CO2 injection. Estimation of injection and 
production from the coal is modeled by incorporating a compositional reservoir simulator. CCS project economics is rolled up 
and reported for the entire CCS project as well as separately for the ECBM project. 
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1. Introduction 
Alberta, Canada contains the bulk of conventional and unconventional oil, gas and coal reserves in Canada. With 
current high oil prices, an acceleration of development of unconventional oil sands production and up-grading 
projects has been observed with many more in the planning stages. Rapid development of projects and the high CO2
emission intensity of Alberta oil sand operations are substantially increasing projections of CO2 emissions. This fact 
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in conjunction with a large inventory of mature and depleted oil and gas reservoirs and substantial un-minable coal 
reserves offers a unique opportunity for large scale CO2 source-sink matching for CO2 storage. 
The Integrated Economic Model (IEM) was developed to reduce uncertainty and shed light on the economics of 
CCS with Alberta specific costs, prices and reservoir characteristics. The IEM models retrofit CO2 capture at coal 
fired power plants, cement plants, pulp mills, gas plants and gas fired devices and other user defined flue gas cases 
utilizing currently available post combustion amine absorption technology. In addition, the IEM estimates pipeline 
transportation costs from source to sink, CO2 injection rates for saline aquifers and ECBM injection and production 
from coal seams. The ultimate goal of the Integrated Economic Model is to gain acceptance by Alberta industry 
companies and be widely used to quantify the economics of the best opportunities for CO2 capture and storage in 
Alberta coal seams, aquifers and enhanced oil recovery projects. The capability to model CO2 storage in EOR 
projects will be added to the IEM when project funding is secured. Distribution of the Integrated Economic Model 
will be accomplished by linking the model with existing petroleum economic software marketed by Energy 
Navigator Inc. of Calgary, Alberta. 
2. CCS Description 
A simplified flow chart of the retro-fit CCS process modeled by the IEM is shown below in Figure 1. The CO2
capture plant is erected adjacent to the CO2 source plant (LFE). Flue gas is piped from the emission stack of the LFE 
to the capture plant for processing. Steam from a coal fired power plant, if available, is also piped across the fence to 
the capture plant to supply heat for amine regeneration and compressor drives. The capture plant consumes fuel gas 
and electricity as well as process water, cooling water, limestone and make-up MEA. Purified CO2 is then 
compressed at the back end of the capture plant prior to entering a transport pipeline for delivery to the sink 
reservoir for storage. The pipeline includes a booster compressor to offset pressure drop along the pipeline. At the 
well site, electricity and fuel gas (lease fuel) are utilized to separate produced gas and water, compress and 
dehydrate the sales gas prior to transfer to a gas plant for final processing and sales. 
Figure 1. Retro-fit Carbon Capture and Storage Project 
In order to properly quantify the economics for a chemical process, it is necessary to model the underlying 
process with sufficient detail to understand the dynamics of the main cost drivers. The IEM models equipment and 
calculates material and energy balances from the inlet of the capture plant to the delivery pipeline and on to the 
storage well site. The retro-fitted capture plant process details are solved by executing in sequence a flue gas 
desulphurization process block (FGDS), CO2 recovery process block (CO2Rec), CO2 compression process block 
(CO2Comp) and a support utilities process block (Util). Each process block contains unit entities representing 
vessels or equipment. The utilities process block models equipment required to supply the other process blocks with 
fuel gas, steam and demineralized water, electricity, cooling water and process water.  
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Figure 2. CO2 Capture Plant 
A simplified process block flow diagram of the capture plant is shown above in Figure 2. The flue gas 
desulphurization process (FGDS) consists of a main SO2/SO3 scrubber utilizing “wet lime”. Raw flue gas from the 
LFE stack is fed into an inlet blower to boost pressure, then through a water quench tower to cool and saturate the 
gas with water. The gas then enters the wet lime scrubber and encounters a counter current slurry of lime and water 
which reacts with the sulphur to form CaSO3. Excess O2 is fed into the scrubber from below to oxidize the CaSO3 to 
CaSO4 (gypsum) which precipitates out of solution and is removed from the bottom. The sweet flue gas flows out 
the top of the scrubber, through another quench tower and on to the CO2 Recovery process block. 
The CO2 is removed from the flue gas by a “hindered amine” acid gas removal process. Sweet flue gas from the 
FGDS enters the CO2 recovery process block and is compressed, scrubbed of the remaining sulphur and sent on to 
the amine absorber. Counter current contact with the amine solution removes about 90% of the CO2 from the flue 
gas. Nitrogen and 10% CO2 is vented off the top of the absorber. Rich amine solution leaves the bottom of the 
absorber, is heated through a rich/lean amine heat exchanger and enters the regenerator tower. In the regenerator 
heat is applied to drive off the CO2. The current heat to CO2 volume removed (tonnes steam / tonnes CO2 removed) 
is about 1.4. This parameter can be adjusted and the process modified as new technology is developed and 
implemented. 
Compression of the CO2 product gas is accomplished by a 5 stage compressor with inter-stage cooling and liquid 
knock-out. Dehydrated CO2 product gas emerges from the capture plant at 15 MPa. Compressor horsepower and 
discharge temperatures are calculated via the GPSA handbook [1] by utilizing analytical molar heat capacity 
equations and Peng-Robinson equation of state compressibility calculations. 
The Utilities (Util) process block aggregates all utility services required by the FGDS, CO2Rec and CO2Comp 
process blocks and models equipment sized to deliver these services. Services include steam, electricity, fuel gas, 
cooling water, etc.). Equipment units within the Util process block include steam boiler, boiler feed water system, 
cooling towers and fans, cooling water system and process water system. Fuel gas and electricity requirements are 
then tallied for all process blocks including utilities, pipeline and well site processes. 
All of the above capture plant process blocks produce fugitive emissions during operations that erode net capture 
efficiency. The IEM tracks all fugitive emissions and reports them as deductions from gross capture volumes. Net 
capture efficiencies run so far by the IEM indicate a range from 50% to 70% net capture efficiency depending 
largely on the CO2 content in the flue gas. Lower CO2 content yields lower efficiency due to the higher volume of 
flue gas relative to CO2 volume. 
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3. CO2 Transport Pipeline 
Transport of the CO2 product from the capture plant to the well site storage location is accomplished by pipeline. 
The user specifies the CO2 rate and pipeline length and the model solves for an optimum pipe diameter that 
minimizes the total of pipe capital costs, booster compressor capital costs and pipeline operating costs. 
4. Well Site Storage 
Well site storage scenarios include both CO2 injection into saline aquifers for simple storage and CO2 injection 
into un-mineable coal seams for CO2 storage and enhanced methane production (ECBM). In the case of aquifer 
storage, the model calculates wellhead injection pressure [2] from user inputs of injection rate, aquifer thickness, 
permeability and reservoir pressure. Excessive injection rates that may induce hydraulic fractures are flagged for the 
user by the model. 
5. ECBM
When running the model in ECBM mode, the user can select a geographic location in Alberta for CO2 injection 
by specifying latitude and longitude. This will trigger the model to query an extensive database for coal reservoir 
characterization data. The database will return site specific coal depth, thickness, temperature, pressure and 
Langmuir parameters depicting gas content. A depth-permeability correlation [3] is utilized to estimate coal 
reservoir permeability. The user specifies coal porosity, well spacing and number of injectors and producers to 
complete input data requirements. 
The coal reservoir data and desired injection rate are passed to the GEM TM compositional reservoir simulator for 
forecasting of actual injection pressure, induced production rate of methane gas and water as well as produced gas 
composition. The GEM simulator models a ¼ injection and ¼ production well via a single layer 31 X 31 grid. By 
symmetry, the full well rates can be identified. Once the GEM model has successfully completed the 30 year 
forecast, the injection and production rate information is passed back to the IEM for scale-up to full pattern volumes. 
With full pattern injection rate, production rate and composition, the IEM calculates well costs, surface equipment 
sizes and costs, well and surface equipment operating costs and production revenue net of royalty. These costs and 
revenues are then rolled up and reported separately and in combination with the CO2 capture and pipeline 
transportation costs.  
6. Future Plans 
Currently, plans are underway to explore the possibility of distributing the Integrated Economic Model through 
Energy Navigator Inc. of Calgary, Alberta. The IEM would become another feature available through the Value 
Navigator TM petroleum economics software suite.  
The Integrated Economic Model was designed to change and modify. This makes it relatively easy to adapt and 
enhance to reflect new technology as it arises. New or modified process blocks or units within process blocks can be 
created and inserted into the model to better reflect the ongoing “current” economics of CO2 capture, transport and 
storage in Alberta. 
Plans also exist for adding a third storage scenario encompassing enhanced oil recovery projects (EOR). This 
EOR scenario would necessitate adding a substantial database of Alberta oil field reservoir parameters in addition to 
functionality relating to screening and oil production response forecasting. The development and incorporation of 
the EOR storage option is contingent on funding availability. 
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